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ABSTRACT
We present radio observations and modelling of one of the nearest and brightest Type IIP supernova SN2004dj
exploded in the galaxy NGC 2403 at a distance of ∼ 3.5 Mpc. Our observations span a wide frequency and temporal
range of 0.24 - 43 GHz and ∼ 1 day to 12 years since the discovery. We model the radio light curves and spectra
with the synchrotron emission. We estimate the mass-loss rate of the progenitor star to be M˙ ∼ 1 × 10−6 M⊙ yr
−1
for a wind speed of 10 km s−1. We calculate the radio spectral indices using 1.06, 1.40, 5.00 and 8.46 GHz flux
density measurements at multiple epochs. We witness steepening in the spectral index values for an extended period
predominantly at higher frequencies. We explain this as a signature of electron cooling happening at the supernova
shock in the plateau phase of the supernova. We estimate the cooling timescales for inverse Compton cooling and
synchrotron cooling and find that inverse Compton cooling is the dominant cooling process.
Keywords: Supernovae: general — supernovae: SN 2004dj — radiation mechanisms: non-thermal —
circumstellar matter — radio continuum: general
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1. INTRODUCTION
Massive stars (M > 8M⊙) end their lives in spectac-
ular explosions called core-collapse supernovae (SNe).
Type II SNe are explosions of massive stars that retain
their hydrogen envelope at the time of explosions and
show copious hydrogen emission lines in their optical
spectra (Filippenko 1997). Type IIP SNe is a sub-class
of Type II SNe characterized by a pronounced plateau
of nearly constant luminosity in the optical light curve
following a maximum that lasts for 80−120 days post ex-
plosion (Nadyozhin 2003). The plateau in their optical
light curves is attributed to an extended hydrogen enve-
lope intact to the star during explosion (Grasberg et al.
1971; Falk & Arnett 1977; Smartt 2009). In a volume
limited sample (< 60 Mpc) of all core-collapse SNe, 48%
is comprised by SNe IIP (Smith et al. 2011). Thus,
SNe IIP is the most commonly observed variety of core-
collapse SNe in the local universe and hence likely to be
the most common evolutionary path in the end stages
of the life of massive stars.
Several lines of evidence from stellar evolution mod-
els and supernova (SN) light curve models suggest
that the progenitors of SNe IIP are red-supergiants
(RSGs; Chevalier et al. 2006). The pre-supernova ra-
dius estimated from the plateau brightness and duration
also falls in the typical RSG stellar radius (102−3R⊙;
Grasberg et al. 1971; Falk & Arnett 1977). RSGs are
also identified as the progenitor stars of SNe IIP SNe
in direct detection efforts (Smartt 2009). However,
the masses of progenitor stars detected from pre-
explosion images range from 8− 15M⊙ (Van Dyk et al.
2003; Li et al. 2005, 2006; Maund & Smartt 2005;
Maund et al. 2005) which is closer to the lower mass
end for a core-collapse event. No RSG star of mass
M > 17M⊙ has been identified as a progenitor star
of SNe IIP in direct detection efforts carried out in a
volume limited sample (Smartt et al. 2009). In this con-
text, a detailed census of type IIP SNe progenitors and
the diversity of the properties of the SNe are important.
In a Type IIP SN, the fast moving stellar ejecta inter-
acts with the circumstellar medium (CSM) created by
the stellar wind of the progenitor star. The interaction
creates a strong shock that moves ahead of the ejecta
and is called the forward shock (Chevalier 1982). Elec-
trons are accelerated to relativistic energies at the for-
ward shock and emit at radio frequencies. Radio emis-
sion is absorbed at early times by either free-free absorp-
tion (FFA) or synchrotron self absorption (SSA) and can
be modelled as synchrotron emission affected by either
or both absorption processes. Depending on the dom-
inant absorption process, various physical parameters
like mass-loss rate of the progenitor star, density of the
CSM, ejecta density profile, shock deceleration parame-
ter, magnetic field strength etc can be constrained from
the modelled radio light curves and spectra (Chevalier
1982, 1998). On the other hand, X-ray emission from
Type IIP SNe can be either thermal or non-thermal in
origin. Thermal X-rays can be emitted from the hot for-
ward and/or reverse shock regions whereas non-thermal
X-ray emission can be due to the Inverse Compton (IC)
scattering. In Type IIP SNe, the plateau of the op-
tical light curve is a phase of high density of ambient
photons which can be IC scattered to X-ray energies by
the relativistic electrons. As a result of IC scattering
the relativistic electrons lose energy and there is a cor-
responding cooling break in the radio spectra above a
characteristic frequency (Chevalier et al. 2006).
In this work, we present long-term (∼ 12 years) radio
monitoring of a Type IIP, SN 2004dj over a frequency
range of 0.24 to 43 GHz. We model the radio light
curves and spectra with the standard mini-shell model
(Chevalier 1982, 1998) and derive the mass-loss rate of
the progenitor star. We also search for the signatures of
cooling in the radio spectra and interpret our results in
light of other published results.
The paper is organised as follows: In §2, we discuss
the previous work published on SN 2004dj. In §3, we
present the GMRT and VLA observations of SN2004dj
in detail. In §4, we describe the standard model for
radio emission. In §5, we calculate the mass-loss rate of
the progenitor star from the modelled parameters. In
§6, we discuss the evolution of spectral indices and the
signatures of cooling in the radio spectra. We summarise
our main results in §7.
2. SN 2004DJ
SN 2004dj was discovered by K. Itagaki (Nakano et al.
2004) in NGC2403 on 2004 July 31 (UT; all dates in
this paper are in UT) with a visual magnitude of 11.2
mag at a position of αJ2000 = 07
h37m17.02s, δJ2000 =
+65◦35′57.8′′. The SN was classified as a type IIP event
from the optical spectrum taken on 2004 Aug 03.17
(Patat et al. 2004). SN2004dj was discovered during
the plateau phase i.e ∼ 1 month after the explosion and
hence the maxima of the optical light curve was not ob-
served.
There is a large uncertainty in the explosion date of
the SN. Zhang et al. (2006) derived an explosion date
of 2004 June 10 ± 21 assuming that SN2004dj evolves
like SN1999em. Chugai et al. (2005) derived an ex-
plosion date of 2004 June 13 assuming that the light
curves of SN 2004dj and SN1999gi are similar. From
the first one year of optical light curve of SN2004dj,
Vinko´ et al. (2006) infered an explosion date of 2004
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June 30 ± 20 using Expanding Photosphere Method
(EPM). Chugai et al. (2007) used an explosion date of
2004 June 28 to fit the Hα lines (Korcakova et al. 2005)
observed on day 55 and 64 post-explosion. We assume
the date of explosion as 2004 June 28 through out this
paper since this is the latest among the series of papers
that report the explosion dates and is consistent with
the majority of the other explosion dates reported in
the literature within error bars.
Patat et al. (2004) reported the photospheric expan-
sion velocities of Hα, Hβ, Fe II (516.9 nm), Fe II (501.8
nm) and Fe II (492.4 nm) lines from the spectra obtained
on 2004 Aug 3.17 as 6700, 5500, 4150, 3800 and 3850 km
s−1 respectively. Vinko´ et al. (2006) reported the radial
velocities of the SN ejecta from Hα lines ranging from
6790 to 4256 kms−1 on 33 to 99 days post-explosion,
assuming the date of explosion as 2004 June 30 ± 20.
Chugai et al. (2007) derived the velocity from optical
lines for SN2004dj on day ∼ 64 as 8200 km s−1 assum-
ing an explosion date of 2004 June 28.
The progenitor massive star of SN2004dj is identified
to be a member of the compact star cluster Sandage
96 (S96) from the archival data (Maiz-Apellaniz 2004).
For a cluster age of 13.6 Myr, Ma´ız-Apella´niz et al.
(2004) infered the mass of progenitor star as 15 M⊙.
Wang et al. (2005) derived a cluster age of ∼ 20 Myr and
the progenitor stellar mass as ∼ 12 M⊙. Vinko´ et al.
(2006) estimated the progenitor mass by fitting the
spectral energy distribution of S96 with theoretical
models. While the solutions were similar to that of
Ma´ız-Apella´niz et al. (2004) and Wang et al. (2005), an
additional solution resulted in a cluster age ∼ 8 Myr
and progenitor mass of M > 20M⊙. It is interesting to
note that, for any type IIP SNe, the highest progenitor
mass detected from direct methods is 15 M⊙ < MZAMS
< 20 M⊙ (for SN 1999ev; Maund & Smartt 2005).
SN2004dj was observed in different wave bands of
electromagnetic spectrum like infrared (IR; Kotak et al.
2005; Sugerman et al. 2005), X-ray (Pooley & Lewin
2004) and radio (Chandra & Ray 2004; Stockdale et al.
2004; Beswick et al. 2005). SN2004dj exploded at a dis-
tance of D ∼ 3.1 Mpc (Freedman et al. 2001) and is one
of the nearest Type IIP event. Vinko´ et al. (2006) in-
fered a distance of D = 3.47 ± 0.29 Mpc to the host
galaxy NGC2403 from standard candle method and
EPM. The distance to SN2004dj is taken as D = 3.47
Mpc through out this paper.
2.1. Published radio and X-ray observations
Radio emission was detected from SN 2004dj at 8.4
GHz on 2004 Aug 02 with the Very Large Array (VLA;
Stockdale et al. 2004). The first detection at 5 GHz was
made with the Multi-Element Radio Linked Interferom-
eter Network (MERLIN) on 2004 Aug 5 with a flux
density of 1.50 ± 0.15 mJy (Argo et al. 2004). Radio
emission was also detected at 1.4 GHz with the Giant
Metrewave Radio Telescope (GMRT; Chandra & Ray
2004). Beswick et al. (2005) monitored SN2004dj with
the MERLIN at 5 GHz starting from 2004 Aug 5 to
Dec 2. At later epochs, the flux density of the SN
was decreasing and hence the MERLIN observations
placed a limit on the time of the peak of 5 GHz light
curve (Beswick et al. 2005). Assuming the first detec-
tion at 5 GHz on 2004 Aug 5 to be coincident with the
peak of light curve, Beswick et al. (2005) estimated the
peak spectral luminosity as L6 cmpeak = 2.45 ×10
25 erg
s−1 Hz−1. This peak spectral luminosity is compara-
ble to that of SN1999em i.e 2.2 × 1025 erg s−1 Hz−1
(Pooley et al. 2002).
X-ray emission was detected from SN 2004dj (Pooley & Lewin
2004) with the Chandra X-ray observatory on 2004 Aug
9. Chandra observations of SN2004dj was carried out
at four epochs (2004 Aug 9, Aug 23, Oct 3 and Dec 22)
and Chakraborti et al. (2012) jointly fitted the X-ray
spectra with the combination of a power law (IC com-
ponent) and collisionaly ionized diffuse gas (thermal
component). From thermal X-ray emission, they mea-
sured the mass-loss rate of the progenitor star as M˙ =
(3.2 ± 1.1) × 10−7 M⊙yr
−1. From the combination of
radio, optical and X-ray data, Chakraborti et al. (2012)
derived the fraction of post shock energy density used
in the amplification of magnetic fields to be ǫB = 0.082
and in accelerating electrons to relativistic energies to
be ǫe = 0.39.
3. OBSERVATIONS AND DATA ANALYSIS
The VLA started observing SN 2004dj from 2004
Aug 02.9 UT. The observations were carried out in
the 8.46, 22.46 and 43.34 GHz bands. Radio emis-
sion was detected from the SN in the 8.46 GHz band
(Stockdale et al. 2004). Eventually, the SN was exten-
sively observed in all VLA bands from 1.4 GHz (L-band)
to 44 GHz band. J0642+679 and J0921+622 have been
used as the phase calibrators to correct for the phase
variations due to atmospheric fluctuations. 3C48 and
3C286 have been used as the primary calibrators to
calibrate the flux density scale.
The GMRT started observing SN2004dj from 2004
Aug 12 and detected radio emission from the SN at 1.4
GHz (Chandra & Ray 2004). Extensive follow-up ob-
servations were carried out with the GMRT at multiple
epochs in the 1.4, 0.610, 0.325 and 0.235 GHz bands till
2016. 3C48 and 3C286 were used as the flux density cal-
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ibrators, whereas J0835+555, J0614+607, J0614+617
and J0617+604 were used as the phase calibrator.
Both the VLA and GMRT data were analyzed us-
ing standard Astronomical Image Processing software
(AIPS) packages. Few data sets were not used due to
the bad quality. We also included the 5 GHz MERLIN
observations from Beswick et al. (2005) for futher anal-
ysis.
3.1. Radio lightcurves and spectral indices
We present the complete radio light curves at frequen-
cies 0.24, 0.33, 0.61, 1.06, 1.4, 4.86, 1.994, 8.46, 14.94,
22.46 and 43.34 GHz in Figure 1. All the light curves
except the 1.4 and 1.06 GHz light curves are in the op-
tically thin phase of the evolution. We also present the
radio spectral index α (Fν ∝ ν
α) using the flux density
measurements at 1.06, 1.40, 5 and 8.46 GHz at various
epochs in Figure 2. The temporal evolution of the spec-
tral indices between 1.39 and 4.99 GHz traces the tran-
sition from optically thick to thin phase of the SN. The
spectral indices between 4.86 and 8.46 GHz show values
as steep as − 1 and even lower for an extended period of
time from ∼ day 50 to 150 post explosion. These values
are steeper than the expected optically thin spectral in-
dices of Type II SNe. We explain this trend in detail in
terms of cooling in a later section (see §6.2).
4. A RADIO MODEL
We fit the data with the standard mini-shell model in
which radio emission is purely synchrotron with either
synchrotron self absorption (SSA) or free-free absorption
(FFA) as the dominant absorption process (Chevalier
1982, 1998). The model assumes that the magnetic field
energy density and the energy density of relativistic elec-
trons are proportianal to the post shock energy density
(model 1 of Chevalier 1996). The temporal and spectral
evolution of radio flux density and optical depth can be
modelled. The FFA model was proposed by Chevalier
(1982) and was developed in detail by Van Dyk et al.
(1994) and Weiler et al. (2002) later. The radio flux
density, S(ν, t), with FFA as the dominant absorption
can be written as:
S(ν, t) = K1
( ν
5 GHz
)α( t
100 day
)β
e−τffa (1)
τffa = K2
( ν
5 GHz
)−2.1( t
100 day
)δ
(2)
where α is the optically thin spectral index (Fν ∝ ν
α),
which is related to the electron energy index p (N(E) ∝
E−p ) as α=−(p − 1)/2. Here K1 and K2 are the flux
density and optical depth normalizations, respectively.
′t′ denotes the days since explosion assuming a date of
explosion 2004 June 28 (Chugai et al. 2007). The pa-
rameter δ is related to the shock deceleration parameter
m (R ∝ tm) as δ = −3m. The parameter δ is essentially
constrained by the evolution of the optical depth in time.
If we look at the light curves (see Figure 1) there are not
enough simultaneous multi-frequency measurements in
the optically thick part to allow the derivation of the op-
tical depth behaviour in time. Weiler et al. (1986) and
Chevalier (1984) suggest that in these cases it is recom-
mented to do the fit with 4 parameters where δ = (−3
+ α − β). We fit the full data with the FFA model
keeping K1, K2, α and β as the free parameters.
We use the formulation of SSA model from (Chevalier
1998). The variation of radio flux density and SSA op-
tical depth can be written as:
S(ν, t) = K1
( ν
5 GHz
)5/2 ( t
100 day
)a (
1− e−τssa
)
(3)
τssa = K2
( ν
5 GHz
)−(p+4)/2( t
100 day
)−(a+b)
(4)
Here, a and b denote the temporal index of the radio
flux density in the optically thick (F ∝ ta) and thin
phases (F ∝ t−b), respectively. Assuming the energy
density in the magnetic field and relativistic electrons
are proportional to the post-shock energy density (model
1 of Chevalier 1996), the shock deceleration parameter
m is related to a, b and p as a = 2m+0.5 in the optically
thick phase and b = (p+5− 6m)/2 in the optically thin
phase (Chevalier 1998).
We perform a two variable (ν,t) fit to the complete
data for both FFA and SSA models. The free parame-
ters are K1, K2, α and β in the FFA model and K1, K2,
m and p in the SSA model. FFA and SSA model fits
with the data with reduced chi-square values of 1.78 and
1.51 respectively. The best-fit parameters for both FFA
and SSA model fits are given in Table 2. Figure 3 and 4
shows the model fits along with the observed flux den-
sity measurements. While the reduced chi-square value
for SSA model is marginally better than that of FFA
model, it is difficult to infer that either of the models fit
the data better from visual inspection or from the re-
duced chi-square values. This is due to the sparse data
available in the optically thick regime. We derive the
shock deceleration parameter m = 0.93 ± 0.02 and m =
0.97 ± 0.01 for FFA and SSA models respectively.
We also repeated the modelling with the date of explo-
sion as 2004 June 10 (Zhang et al. 2006). The reduced
chi-square and physical parameters are not significantly
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Table 1. Details of radio observations of SN2004dj
Date of Agea Frequency Supernova Phase Calibrator Telescope
Observation (UT) (day) (GHz) Fν (mJy) rms (mJy beam
−1) Name Fν (Jy)
2004 Aug 1.88 34.12 8.46 1.28 ± 0.046 0.046 J0642+679 0.32 VLA-D Array
2004 Aug 1.90 34.14 22.46 < 0.429 0.169 J0642+679 0.15 VLA-D Array
2004 Aug 2.88 35.12 8.46 1.6 ± 0.090 0.09 J0921+622 0.78 VLA-D Array
2004 Aug 2.89 35.13 22.46 <1.095 0.416 J0921+622 0.67 VLA-D Array
2004 Aug 2.91 35.15 43.32 <0.956 0.478 J0921+622 0.55 VLA-D Array
2004 Aug 5.00 37.24 8.46 1.780 ± 0.289 0.228 J0921+622 0.78 VLA-D Array
2004 Aug 5.01 37.25 22.46 <1.593 0.531 J0921+622 0.61 VLA-D Array
2004 Aug 5.02 37.26 4.86 2.070 ± 0.322 0.247 J0921+622 0.8 VLA-D Array
2004 Aug 5.08 37.32 14.94 <0.870 0.290 J0921+622 0.54 VLA-D Array
2004 Aug 5.5 37.74 4.99 1.8 ± 0.3b 0.3 – – MERLIN
2004 Aug 8.8 41.04 4.99 1.8 ± 0.3b 0.3 – – MERLIN
2004 Aug 9.82 42.06 8.46 1.217 ± 0.188 0.143 J0921+622 0.78 VLA-D Array
2004 Aug 9.83 42.07 4.86 2.133 ± 0.277 0.177 J0921+622 0.8 VLA-D Array
2004 Aug 11.40 43.64 4.99 2.1 ± 0.3b 0.3 – – MERLIN
2004 Aug 12.24 44.24 1.39 0.39 ± 0.17 0.07 J0614+607 0.97 GMRT
2004 Aug 13.78 46.02 14.94 0.799 ± 0.206 0.19 J0921+622 0.61 VLA-D Array
2004 Aug 13.80 46.04 4.86 2.258 ± 0.299 0.196 J0921+622 0.80 VLA-D Array
2004 Aug 13.80 46.04 8.46 1.349 ± 0.192 0.137 J0921+622 0.78 VLA-D Array
2004 Aug 13.82 46.06 22.46 <1.551 0.517 J0921+622 0.54 VLA-D Array
2004 Aug 14.50 46.74 4.99 1.88 ± 0.3b 0.3 – – MERLIN
2004 Aug 20.66 52.90 8.46 <1.8 0.644 J0921+622 0.78 VLA-D Array
2004 Aug 20.67 52.91 4.86 1.72 ± 0.089 0.089 J0921+622 0.8 VLA-D Array
2004 Aug 22.00 54.24 1.39 0.67 ± 0.23 0.10 J0617+604 1.4 GMRT
2004 Aug 22.00 54.24 1.06 < 0.26 0.13 J0614+617 1.19 GMRT
2004 Aug 23.40 55.64 4.994 1.75 ± 0.3b 0.3 – – MERLIN
2004 Aug 26.54 58.78 8.46 0.839± 0.262 0.065 J0921+622 0.80 VLA-D Array
2004 Aug 26.55 58.78 4.86 1.282 ± 0.083 0.083 J0921+622 0.81 VLA-D Array
2004 Aug 26.60 58.84 4.99 1.125 ± 0.3b 0.3 – – MERLIN
2004 Aug 29.60 61.84 4.99 1.25 ± 0.3 0.3 – – MERLIN
2004 Aug 29.65 61.88 14.94 <0.5 0.158 J0921+622 0.74 VLA-D Array
2004 Aug 29.66 61.89 4.86 1.26 ± 0.088 0.088 J0921+622 0.8 VLA-D Array
2004 Aug 29.67 61.90 8.46 0.83 ± 0.079 0.079 J0921+622 0.78 VLA-D Array
2004 Aug 29.68 61.91 22.46 <0.450 0.149 J0921+622 0.77 VLA-D Array
2004 Sep 01.00 64.24 1.39 0.72 ± 0.22 0.075 J0614+607 1.23 GMRT
2004 Sep 01.00 64.24 1.06 0.41 ± 0.12 0.12 J0614+607 1.42 GMRT
aThe age is calculated assuming date of explosion as 2004 June 28.00 (UT)
bBeswick et al. (2005) and personal communication with Megan Argo.
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Table 1. Details of radio observations of SN2004dj (continuation)
Date of Agea Frequency Supernova Phase Calibrator Telescope
Observation (UT) (day) (GHz) Fν (mJy) rms (mJybeam
−1 ) Name Fν (Jy)
2004 Sep 2.60 65.84 4.99 0.78 ± 0.3b 0.3 – – MERLIN
2004 Sep 4.90 68.14 4.99 0.94 ± 0.3b 0.3 – – MERLIN
2004 Sep 08.6 71.84 4.99 0.96 ± 0.3b 0.3 – – MERLIN
2004 Sep 10.40 73.64 1.46 1.164 ± 0.180 0.138 J0921+622 0.9 VLA-A Array
2004 Sep 10.50 73.74 4.88 1.184 ± 0.086 0.062 J0921+622 0.76 VLA-A Array
2004 Sep 10.50 73.74 8.44 0.644 ± 0.062 0.05 J0921+622 0.75 VLA-A Array
2004 Sep 10.56 73.80 14.94 <0.753 0.251 J0921+622 0.74 VLA-A Array
2004 Sep 11.30 74.54 4.99 1.15 ± 0.3b 0.3 – – MERLIN
2004 Sep 14.70 77.94 4.99 0.8 ± 0.3b 0.3 – – MERLIN
2004 Sep 17.30 80.54 4.99 1.08 ± 0.3b 0.3 – – MERLIN
2004 Sep 19.90 83.14 4.99 1.02 ± 0.3 0.3 – – MERLIN
2004 Sep 20.72 83.96 14.94 <0.835 0.3 J0921+622 0.73 VLA-A Array
2004 Sep 20.73 83.97 4.86 0.838 ± 0.137 0.069 J0921+622 0.73 VLA-A Array
2004 Sep 20.74 83.98 8.46 0.302 ± 0.073 0.051 J0921+622 0.72 VLA-A Array
2004 Sep 20.75 83.99 1.425 1.555 ± 0.158 0.087 J0921+622 0.88 VLA-A Array
2004 Sep 26.83 90.07 14.94 <0.708 0.236 J0921+622 0.74 VLA-A Array
2004 Sep 26.84 90.08 4.86 0.824 ± 0.128 0.07 J0921+622 0.73 VLA-A Array
2004 Sep 26.85 90.09 8.46 0.374 ± 0.095 0.059 J0921+622 0.72 VLA-A Array
2004 Sep 26.86 90.10 1.425 1.285 ± 0.187 0.098 J0921+622 0.85 VLA-A Array
2004 Sep 29.40 92.64 4.99 1.11 ± 0.3 0.3 – – MERLIN
2004 Sep 30.00 93.24 1.39 1.78 ± 0.58 0.23 J0614+607 1.93 GMRT
2004 Oct 02.00 95.24 4.99 0.88 ± 0.3b 0.3 – – MERLIN
2004 Oct 03.70 96.94 4.994 0.90 ± 0.3b 0.3 – – MERLIN
2004 Oct 5.60 98.84 1.425 1.498 ± 0.169 0.078 J0921+622 0.90 VLA-A Array
2004 Oct 5.61 98.85 4.86 1.091 ± 0.104 0.089 J0921+622 0.91 VLA-A Array
2004 Oct 5.62 98.86 8.46 0.524 ± 0.076 0.072 J0921+622 0.8 VLA-A Array
2004 Oct 5.63 98.87 22.46 <0.429 0.143 J0921+622 0.7 VLA-A Array
2004 Nov 16.50 140.74 4.99 0.820 ± 0.4b 0.4 – – MERLIN
2004 Nov 23.50 147.74 4.99 0.68 ± 0.2 0.2 – – MERLIN
2004 Nov 23.52 147.76 1.425 1.402 ± 0.182 0.075 J0921+622 0.86 VLA-A Array
2004 Nov 23.54 147.78 4.86 0.649 ± 0.125 0.104 J0921+622 0.69 VLA-A Array
2004 Nov 23.55 147.79 8.46 0.401 ± 0.11 0.109 J0921+622 0.6 VLA-A Array
2004 Nov 23.55 147.79 22.46 <0.918 0.306 J0921+622 0.31 VLA-A Array
2004 Nov 26.50 150.74 4.99 0.39 ± 0.2b 0.2 – – MERLIN
2004 Nov 30.51 154.75 22.46 0.282 ± 0.094 0.094 J0921+622 0.72 VLA-A Array
aThe age is calculated assuming date of explosion as 2004 June 28.00 (UT).
bBeswick et al. (2005) and personal communication with Megan Argo.
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Table 1. Details of radio observations of SN2004dj (continuation)
Date of Agea Frequency Supernova Phase Calibrator Telescope
Observation (UT) (day) (GHz) Fν (mJy) rms (mJy beam
−1 ) Name Fν (Jy)
2004 Nov 30.51 154.75 1.425 1.24 ± 0.154 0.091 J0921+622 0.87 VLA-A Array
2004 Nov 30.52 154.76 4.86 0.435 ± 0.059 0.055 J0921+622 0.77 VLA-A Array
2004 Nov 30.53 154.77 8.46 0.278 ± 0.045 0.043 J0921+622 0.79 VLA-A Array
2004 Dec 09.00 163.24 1.39 1.44 ± 0.18 0.07 J0617+604 1.25 GMRT
2004 Dec 10.00 164.24 1.06 1.74 ± 0.35 0.15 J0614+607 0.3 GMRT
2004 Dec 30.21 184.45 1.425 0.979 ± 0.132 0.081 J0921+622 0.86 VLA-A Array
2004 Dec 30.23 184.47 4.86 0.255 ± 0.084 0.07 J0921+622 0.75 VLA-A Array
2004 Dec 30.24 184.48 8.46 <0.180 0.059 J0921+622 0.80 VLA-A Array
2004 Dec 30.25 184.49 22.46 <0.567 0.189 J0921+622 0.65 VLA-A Array
2005 Jan 01.00 186.24 1.39 1.10 ± 0.14 0.05 J0617+604 1.21 GMRT
2005 Jan 01.00 187.24 1.06 1.62 ± 0.20 0.14 J0614+607 1.30 GMRT
2005 Jan 16.23 201.47 1.425 1.16 ± 0.281 0.164 J0921+622 0.88 VLA-BnA Array
2005 Jan 16.24 201.48 4.86 0.461 ± 0.09 0.07 J0921+622 0.81 VLA-BnA Array
2005 Jan 16.25 201.49 8.46 <0.129 0.045 J0921+622 0.88 VLA-BnA Array
2005 Feb 8.19 225.43 1.425 1.2 ± 0.295 0.125 J0921+622 0.86 VLA-BnA Array
2005 Feb 8.20 225.44 4.86 0.339 ± 0.079 0.065 J0921+622 0.78 VLA-BnA Array
2005 Feb 8.21 225.45 8.46 0.255 ± 0.063 0.044 J0921+622 0.87 VLA-BnA Array
2005-Feb-18.00 235.24 0.61 1.92 ± 0.28 0.17 J0834+555 8.16 GMRT
2005 Mar 15.00 260.24 1.39 0.92 ± 0.2 0.07 J0614+607 1.21 GMRT
2005 Mar 26.96 272.20 1.425 0.93 ± 0.2 0.125 J0921+622 0.94 VLA-B Array
2005 Mar 26.97 272.21 4.86 <0.341 0.07 J0921+622 0.89 VLA-B Array
2005 Mar 26.98 272.22 8.46 0.16 ± 0.058 0.036 J0921+622 0.84 VLA-B Array
2005 Apr 01.00 277.24 0.61 1.79 ± 0.16 0.243 J0834+555 8.755 GMRT
2005 Jun 12.81 349.05 1.425 <1.750 0.487 J0921+622 0.83 VLA-CnB Array
2005 Jun 12.82 349.06 4.86 0.317 ± 0.07 0.07 J0921+622 0.81 VLA-C Array
2005 Jun 12.84 349.08 8.44 <0.149 0.050 J0921+622 0.98 VLA-C Array
2005 Jun 13.78 350.02 22.485 <0.314 0.105 J0921+622 0.79 VLA-CnB Array
2005 Jun 13.79 350.03 8.44 0.184 ± 0.048 0.047 J0921+622 0.97 VLA-C Array
2005 Jun 13.82 350.06 14.94 <0.489 0.163 J0921+622 0.97 VLA-CnB Array
2005 Jun 13.82 350.06 1.425 <0.896 0.30 J0921+622 0.81 VLA-CnB Array
2005 Jun 13.84 350.08 4.885 0.322 ± 0.058 0.056 J0921+622 0.83 VLA-CnB Array
2005 Sep 11.91 440.15 8.46 <0.111 0.037 J0921+622 1.01 VLA-CnB Array
2006 Sep 25.54 818.78 1.425 0.507 ± 0.162 0.162 J0921+622 0.76 VLA-CnB Array
2006 Sep 25.55 818.79 4.86 <0.192 0.063 J0921+622 1.1 VLA-CnB Array
aThe age is calculated using assuming date of explosion as 2004 June 28.00 (UT).
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Table 1. Details of radio observations of SN2004dj (continuation)
Date of Agea Frequency Supernova Phase Calibrator Telescope
Observation (UT) (day) (GHz) Fν (mJy) rms (mJybeam
−1 ) Name Fν (Jy)
2007 May 15.24 1050.48 0.244 <10.47 3.949 J0834+555 8.70 GMRT
2007 May 18.41 1053.65 1.39 <0.510 0.169 J0834+555 9.54 GMRT
2007 May 22.37 1057.61 0.325 <3.549 1.183 J0834+555 9.77 GMRT
2007 May 28.84 1064.08 1.425 0.375 ± 0.102 0.058 J0921+622 0.81 VLA-A Array
2008 Oct 24.48 1578.72 1.425 0.228 ± 0.077 0.07 J0921+622 1.07 VLA-A Array
2008 Oct 24.50 1578.74 4.86 <0.109 0.046 J0921+622 1.50 VLA-A Array
2016 Nov 02.04 4187.28 1.39 <0.105 0.035 J0614+607 – GMRT
2016 Oct 25.92 4180.16 0.610 <0.210 0.050 J0834+555 – GMRT
2016 Nov 05.04 4190.28 0.325 <0.615 0.095 J0834+555 – GMRT
aThe age is calculated assuming date of explosion as 2004 June 28.00 (UT).
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Figure 1. Upper panel: Light curves of SN 2004dj at frequencies 0.24, 0.33, 0.61, 1.06, 1.39 and 1.43 GHz. The 1.40 GHz data denoted in red
color include both 1.39 GHz GMRT measurements (circles) and 1.43 GHz VLA measurements (diamonds). Lower panel: Light curves of SN 2004dj
at frequencies 4.86, 4.99, 8.46, 14.94, 15.00, 22.46 and 43.32 GHz. Inverted triangles in both top and bottom panels denote 3σ upper limits. The
days since explosion are calculated assuming the date of explosion as 2004 June 28 (UT).
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Figure 2. The radio spectral index variation for SN2004dj. The figure shows the spectral index between frequencies 1.06/1.4, 1.4/4.9, 4.9/8.46
GHz. The days since explosion are calculated assuming the date of explosion as 2004 June 28 (UT). The spectral index curve between 4.9 GHz and
8.46 GHz shows a distinct dip around 75 days.
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different from the previous values. While the date of
explosion of SN2004dj is uncertain due to the late dis-
covery, our results are not critically sensitive to the exact
date of explosion.
4.1. Dominat absorption mechanism
Since the FFA or SSA models cannot be clearly dis-
tinguished from the fits, we can look for other signatures
that can disentangle the dominant absorption processes.
Assuming SSA as the dominant absorption process that
defines the peak flux density of the radio light curves,
we can derive the size of the radio-emitting shell using
the equation (Chevalier 1998):
Rp = 8.8× 10
15f
−1/19
eB
(
f
0.5
)−1/19(
Fp
Jy
)9/19
×
(
D
Mpc
)18/19 ( ν
5GHz
)−1
cm (5)
Here feB is the equipartition factor defined as feB =
ǫe/ǫB where ǫe denotes the relativistic electron energy
density and ǫB denotes the magnetic field energy den-
sity. Fp is the peak flux density of the light curve at
frequency ν. f is the volume filling factor of the spher-
ical emission region of radius R. D is the distance to
the SN in units of Mpc. The equation for Rp is specif-
ically for electron energy index p = 3 (Chevalier 1998).
However, we use this formula since our best fit p value
for SSA model is p = 2.9 which is very close to 3. The
mean shell velocity vp = Rp/t where t is the time at
which the light curve peaks. If the observed mean shell
velocity is larger than this value, it means that SSA flux
is low and other mechanism like FFA could be dominant
in determining the peak flux. For SN2004dj, the peak
flux density at 5 GHz is Fp = 1.8 mJy on 2004 Aug 5
(tp = 38 days; Beswick et al. 2005). We use feB = 4.8
(Chakraborti et al. 2012) and f = 0.5 (Chevalier 1998)
to estimate the mean shell velocity vp ∼ 4007 km s
−1
on ∼ 38 days post explosion. The actual mean veloc-
ity obtained from optical line measurements can be now
compared to this value. The velocity derived from the
Hα lines for SN2004dj on day ∼ 36 (2004 Aug 3.17)
is 6700 km s−1 (Patat et al. 2004) and is larger than
the velocity deduced above. Vinko´ et al. (2006) reports
the radial velocities of the SN ejecta from Hα lines as
6790 on 2004 Aug 3. Chugai et al. (2007) reports the
shell velocity to be ∼ 8200 km s−1 on 64 days post
explosion from Hα lines. Thus these observations are
suggestive of FFA as the dominant absorption process.
Chevalier et al. (2006) also suggest FFA as the dominant
absorption process for SN2004dj from the steep rise of
1.4 GHz light curve (Chandra & Ray 2004). We repeat
Table 2. Best fit parameters for FFA and SSA models
FFA SSA
K1 = 0.82 ± 0.02 K1 = 62.46 ± 07.01
K2 = (3.01 ± 0.35) × 10
−2 K2 = (1.27 ± 0.15) × 10
−2
α = −0.92 ± 0.05 m = 0.97 ± 0.01
β = −1.13 ± 0.06 p = 2.87 ± 0.10
χ2µ = 1.78 χ
2
µ = 1.51
Note—K1 and K2 are the normalization parameters of flux
density and optical depth, respectively. In FFA model, α
and β denotes the spectral and temporal evolution of the
radio flux density. In the SSA model m denotes the shock
deceleration parameter and p denotes the electron energy
index.
this exercise using the 1.4 GHz light curve that peaks
around day 93. The peak flux density is Fp = 1.78 mJy
at 1.4 GHz and the deduced mean velocity is vp ∼ 5830
km s−1. The observed Hα line velocity on day 96 post
explosion is 4373 km s−1 (Vinko´ et al. 2006). However,
Chugai et al. (2007) reports the observed shell velocity
on day 98 post explosion to be ∼ 8000 km s−1 from a
prominent notch like feature in the spectra. This is also
greater than the derived mean shell velocity and is in-
dicative of FFA as the plausible absorption process.
5. MASS-LOSS RATE
Assuming FFA as the dominant absorption process,
we derive the mass-loss rate of the progenitor star of
SN 2004dj. The various assumptions that go into the cal-
culation are as follows and are detailed in Weiler et al.
(1986). The progenitor expels the outer layer of stel-
lar material via constant stellar wind creating a density
field around the star such that ρwind ∼ r
−2. The wind
material is completely ionized possibly due to the initial
flash of radiation from the SN. Assuming electron ion
equilibrium and the wind material to be singly ionized
with cosmic abundance, the mass loss rate is given by
Weiler et al. (1986) as
M˙ = 3.02× 10−6τ0.55GHz
( w
10 km s−1
)( vi
104 km s−1
)1.5
×
(
ti
45 days
)1.5(
t
ti
)1.5m
m−1.5
×
(
Te
104K
)0.68
M⊙yr
−1(6)
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Figure 3. SSA and FFA model fit to the radio light curves of SN 2004dj at 0.61, 1.06, 1.4 , 5.00, 8.46, 14.94, 22.46 and 43.34 GHz bands. The
1.40 GHz data includes both 1.39 GHz GMRT measurements (circles) and 1.43 GHz VLA measurements (diamonds). Green solid line denotes the
SSA model and red solid line denotes the FFA model. The days since explosion is calculated assuming the date of explosion as 2004 June 28 (UT).
Radio observations of SN 2004dj 13
Figure 4. SSA and FFA model fit to the radio spectra of SN 2004dj on ∼ day 35 to 383 post explosion. Green solid line denotes the SSA model
and red solid line denotes the FFA model. The days since explosion is calculated assuming the date of explosion as 2004 June 28 (UT).
14 Nayana et al.
where w is the velocity of the stellar wind in km s−1,
vi is the SN ejecta velocity in km s
−1 at time ti (days
post explosion) inferred from optical line observations.
Te is the electron temperature in the stellar wind and
is an uncertain parameter. We use vi = 8200 km s
−1,
the highest velocity Hα absorption feature seen in the
optical spectra on ti = 64 days (Chugai et al. 2007).
From the modelled radio light curve (equation 2), we
have τ5GHz (day 100) = 0.03 and m= 0.93. We derive
the mass-loss rate of the progenitor star to be M˙/w1 =
(1.37 ± 0.11) T 0.68cs4 × 10
−6 M⊙yr
−1. Here w1 denotes
the stellar wind velocity in units of 10 km s−1 and Tcs4
denotes the CSM electron temperature in units of 104
K.
6. DISCUSSION
6.1. Progenitor properties
We model the radio observations with the standard
mini-shell model (Chevalier 1982) as explained in §4.
We estimate the shock deceleration parameter m ∼ 0.9
(where R ∝ tm) for FFA model indicative of a mildly de-
celerating blast wave. This is in accord with the physics
of the process as the blast wave is interacting with the
CSM and is expected to slow down. The range of m val-
ues for Type II SNe is m = 0.8− 1 (Weiler et al. 1986).
For a shocked shell of radius R ∼ t0.9, the ejecta density
index n (ρ ∼ r−n) is given bym = (n−3)/(n−2), assum-
ing that the CSM is created by a steady stellar wind of
density (ρ ∼ r−2) (Chevalier 1982). Thus for m ∼ 0.9,
we derive the power law ejecta density as ρ ∼ r−11.4.
The progenitors of Type IIP SNe are understood to be
RSGs with most of its hydrogen envelope intact during
the SN explosion (Smartt 2009). The value of n for such
a star is expected to be in the range n = 7−12 (Chevalier
1982). Thus the n value derived from our analysis is
consistent with a RSG progenitor of SN2004dj.
Assuming FFA as the dominant absorption process,
we derive the mass-loss rate of the progenitor star of
SN2004dj as M˙ = (1.37 ± 0.11) × 10−6M⊙yr
−1. The
progenitors of Type IIP SNe are understood to be red-
supergiants whose initial masses range from 8 - 25 M⊙
(Heger et al. 2003). For the best studied RSGs, the
range of mass-loss rates is considerably large, i.e 2 ×
10−7 to 1.5 × 10−5 M⊙yr
−1 (Jura & Kleinmann 1990;
van Loon et al. 2005). The mass-loss rates of RSGs at
the time of explosion is estimated using stellar evolu-
tionary calculations as ∼ 3 × 10−7 to 3 × 10−5 M⊙yr
−1
(Schaller et al. 1992; Chevalier et al. 2006). The theo-
retical estimate of mass-loss rate for 15M⊙ models is de-
rived as M˙ = (0.84-1.6) × 10−6 M⊙yr
−1 and for 20M⊙
models is derived as M˙ = (3.0-6.2) × 10−6 M⊙yr
−1
(Chevalier et al. 2006). Thus the mass-loss rate de-
rived for SN2004dj from radio observations are consis-
tent with the theoretical predictions for a progenitor star
of mass ∼ 15M⊙. The progenitor mass of SN 2004dj was
infered as 15M⊙ from stellar population studies of S96
cluster (Ma´ız-Apella´niz et al. 2004).
Mass-loss rate of the progenitor star of SN 2004dj was
derived by Chakraborti et al. (2012) from X-ray emis-
sion measure as M˙ = (3.2 ± 1.1) × 10−7 M⊙yr
−1
which is ∼ 4 times lower than our mass-loss esti-
mate. Chugai et al. (2007) derived the mass-loss rate
of SN2004dj to be ∼ 1 × 10−6 M⊙yr
−1 for a wind
velocity of 10 kms−1, consistent with the mass-loss
rate estimate from our analysis. Chevalier et al. (2006)
derives a mass-loss rate of M˙−6/w1 ∼ (2-3) T
3/4
cs5 for
SN 2004dj using the first 100 days of radio data. Here
M˙−6 is the mass-loss rate in units of 10
−6M⊙yr
−1 and
w1 is the stellar wind velocity in units of 10 km s−1.
Tcs5 denotes the CSM electron temperature in units of
105 K. The authors compile the radio and X-ray data
of all type IIP SNe available then and derive a range of
mass-loss rates (1-10) × 10−6 M⊙yr
−1 (see Table 3) for
Type IIP progenitors and our mass-loss rate estimation
is consistent with this range.
6.2. Signatures of cooling
The radio light curve and spectra of Type IIP SNe
can be affected by cooling. Cooling becomes impor-
tant depending on various parameters of SN such as
ejecta, magnetic field strength, circumstellar medium,
relativistic electrons etc (Chevalier et al. 2006). The
electron can lose energy by adiabatic expansion, syn-
chrotron cooling, and IC cooling. The dominant cool-
ing process can be identified by calculating the break
frequencies and cooling time scales for different cooling
processes.
One of the important signature of cooling is imprinted
in the evolution of radio spectral indices. As a result of
cooling the spectral index α steepens by ∆α ∼ −0.5.
This appears as a break in the spectra at a certain fre-
quency when the electrons radiating above that charac-
teristic frequency loses significant energy.
Assuming that the synchrotron loss time scale is equal
to the age of the SN, the expression for synchrotron
break frequency is given by Chevalier et al. (2006) as
νsyn = 240
( ǫB
0.1
)(−3/2)( M˙
10−6M⊙yr−1
)−3/2
×
( w
10 km s−1
)3/2( t
60 days
)
GHz (7)
Assuming that the IC cooling time scale is equal to the
age of the SN, the IC break frequency is (Chevalier et al.
2006)
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νIC = 8
( ǫB
0.1
)(1/2)( M˙
10−6M⊙yr−1
)1/2
×
( vw
10 km s−1
)−1/2( t
60 days
)
(
Vs
104km s−1
)4(
Lbol(t)
1042erg s−1
)
GHz (8)
Chakraborti et al. (2012) derived ǫB = 0.082 and ǫe =
0.39 for SN2004dj using four epochs of Chandra data
( ∼ 42, 56, 97 and 177 days post explosion) where the
authors found prominent IC X-ray component in the
first two epochs. We calculate the break frequencies
corresponding to synchrotron cooling and IC cooling us-
ing the above equations at these two epochs (i.e day
42 and 56 post explosion). The value of ǫB is taken
from (Chakraborti et al. 2012) and M˙ from our calcu-
lations. We use the value of shock velocity Vs = 9.2
× 103 km s−1 (Chakraborti et al. 2012). The bolomet-
ric luminosity during the plateau is Lbol ∼ 0.89 × 10
42
ergs (Zhang et al. 2006). Asuming a wind velocity of
10 km s−1, and temperature of 104 K, the νsyn and νIC
corresponding to day 42 and 56 days post explosion are
∼ 141, 4 GHz and 188, 5 GHz respectively. The syn-
chrotron break frequency is too high to observe with
the VLA during our observation epochs. The IC cool-
ing break frequency is within our observation frequencies
and with the multi-frequency observations of SN 2004dj,
we can look for this signature in the data. In Figure 2,
We plot the evolution of spectral indices between suc-
cessive frequencies, 1.06/1.39, 1.39/4.99, 4.99/8.46 GHz
with time for SN2004dj. The spectral index values of
4.86/8.46 GHz approaches values ∼ −1 and lower dur-
ing an extended period starting from ∼ day 50 (see Fig-
ure 2). Thus we see the IC cooling break at ∼ 5 GHz,
roughly consistent with the above calculation. The opti-
cal bolometric light curve is in the plateau phase during
the same period (Zhang et al. 2006). The dense optical
photon medium in the plateau phase of the SN provides
seed photons and enhances the IC cooling. This kind of
a dip in the spectral index is seen for the second time
in a type IIP supernova after SN2012aw (Yadav et al.
2014).
We establish IC cooling as the dominant cooling pro-
cess as there is evidence of cooling break at ∼ 5 GHz
in the radio spectral evolution. Here, we calculate the
cooling timescale at ∼ 5 GHz for IC and synchrotron
cooling process to further investigate this.
The ratio of synchrotron cooling time scale to the adi-
abatic expansion timescale is (Chevalier et al. 2006)
tsyn
t
≈ 2.0
( ǫB
0.1
)−3/4(M˙−6
vw1
)−3/4 ( ν
10GHz
)−1/2
×
(
t
10 days
)1/2
(9)
The ratio of Compton cooling timescale to the adia-
batic expansion timescale is
tComp
t
≈ 0.18
(
Lbol
2× 1042 erg s−1
)−1 ( ǫB
0.1
)1/4(M˙−6
vw1
)1/4
×V 2s4
( ν
10GHz
)−1/2( t
10 days
)1/2
(10)
In general, lower values of ǫB and M˙ favours IC cool-
ing and especially at early times. We estimate the ratios
tComp/t and tsyn/t at ∼ 42 and 56 days post explosion
using the above equations as ∼ 0.9, 5.3 and 1.1, 6.1
respectively. While the ratios of cooling time-scale is
close to 1 for IC cooling, the ratios are much higher for
synchrotron cooling; clearly indicates that synchrotron
cooling is not plausible. Thus these numbers favour the
IC cooling to be in operation during these epochs at
the SN shock. This is in agreement with the detection
of non-thermal IC component in the X-ray spectra of
SN 2004dj during the first two epochs of observations
(∼ day 42 and 56 post explosion) by Chakraborti et al.
(2012). Thus both cooling time scale and break fre-
quency calculations supports the IC cooling happening
at the SN shock during the plateau phase.
Chevalier et al. (2006) predicts a flattened light curve
and a dip in the radio light curve of Type IIP SNe es-
pecially at higher frequencies as a signature of IC cool-
ing. However, from our error bars on flux densities and
cadence of observation, it is difficult to look for a flat-
tening or small dip in the light curve as predicted by
Chevalier et al. (2006). Cooling processes and its effect
on the radio light curves could be modelled better with
a good quality and high cadence early time data at radio
frequencies.
6.3. Circumstellar Electron Temperature
The circumstellar electron temperature is an uncer-
tain parameter since the effect of SN radiation on the
circumstellar gas needs to be estimated from the CSM
models (Chevalier & Fransson 2003; Chevalier et al.
2006). Calculations on Type IIL SNe suggest that
the temperature at unit optical depth Tcs ∼ 3 × 10
4
K for M˙−6/w1 = 3 and Tcs ∼ 1 × 10
5 K for M˙−6/w1
= 10 (Lundqvist & Fransson 1988). The mass-loss rate
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Table 3. Comparison of SN2004dj parameters with other radio/X-ray bright Type IIP SNe.
SN Parent Distance Lradio LXray M˙ Progenitor mass References
- Galaxy (Mpc) (erg s−1 Hz−1) (erg s−1) (10−6M⊙yr
−1) (M⊙)
SN1999em NGC1637 11.7 ± 1.0 2.2 × 1025 9 × 1037 0.9a <15 1,2,3,4
SN1999gi NGC3184 11.1+2.0−1.8 –
* 1.6 × 1037 ∼ 1b <12 1,2,3,5
SN2002hh NGC6946 5.5 ± 1.0 1.3 × 1025 4 × 1038 1.2a – 3,6,7,8
SN2004dj NGC2403 3.47 2.5 × 1025 1.5 × 1038 1.4c, (0.2 - 0.5)a, 0.3b 15, ∼ 12, >20 3,9,10,11
SN2004et NGC6946 5.5 ± 1.0 8.7 × 1025 (2.1 - 3)× 1038 (1.6-1.8)a, ∼ 2b 15+5−2 3,6,12,13
SN2011ja NGC4945 3.36 ± 0.09 7.3 × 1024 (1.3 - 5.5) × 1038 0.12 - 1.9b – 14,15
SN2013ej M74 9.6 ± 0.7 –* ∼ (1 - 4) × 1042 2.6b – 16,17
SN2012aw M95 10 7.2 × 1025 9.2 × 1038 ∼ 3.2-10b 14-26, 17-18 18,19,20,21,22
SN2017eaw NGC6946 5.86 ± 0.76 1.7 × 1025 1.1 × 1039 – – 22,23,24
Note—This table is adapted from a similar table published by Chevalier et al. (2006) with more SNe added.
Note—References: (1) Leonard et al. (2002), (2) Smartt et al. (2003), (3) Chevalier et al. (2006), (4) Pooley et al. (2002), (5) Schlegel
(2001), (6) Li et al. (2005), (7) Pooley & Lewin (2002), (8) Beswick et al. (2005), (9) Chakraborti et al. (2012), (10) Ma´ız-Apella´niz et al.
(2004), (11) Vinko´ et al. (2006), (12) Misra et al. (2007), Li et al. (2005), (13) Argo et al. (2005), (14) Chakraborti et al. (2013), (15)
Mouhcine et al. (2005), (16) Chakraborti et al. (2016) (17) Bose et al. (2015), (18) Kochanek et al. (2012), (19) Immler & Brown (2012),
(20) Fraser et al. (2012), (21) Van Dyk et al. (2012), (22) Argo et al. (2017), (23) Bose & Kumar (2014), (24) Grefensetette et al. (2017).
Note—X-ray luminosity in the energy range of 0.5 - 8 KeV for all SNe except SN2011ja, SN2017eaw (0.3 - 10 KeV) and SN2012aw (0.2 -
10 KeV). Radio luminosity is spectral luminosity at ∼ 5 GHz. Where possible, the X-ray and radio luminosities are taken at the peak of
the light curve and for others, the limits of peak flux density is used. The mass of the progenitor stars are from the pre-explosion
observations of the SN site. The listed mass-loss rates are from X-ray/radio observations and modelling.
aThe mass-loss rate is estimated from radio analysis and modelling assuming a stellar wind velocity of 10 kms−1. While for SN1999em,
SN2002hh, SN2004et Chevalier et al. (2006) and for SN2012aw Yadav et al. (2014) calculate mass-loss rates assuming a CSM electron
temperature of 105 K, we recalculate these numbers for an electron temperature of 104 K for comparison since we used electron
temperature of 104 K to calculate the mass-loss rate of SN2004dj.
∗Not detected in radio.
bThe mass-loss rates are estimated from the X-ray observations assuming a stellar wind velocity of 10 kms−1.
cThe mass-loss rate estimated for SN2004dj from this work assuming a stellar wind velocity of 10 kms−1 and CSM electron temperature of
104 K.
depends on Te as M˙ ∝ T
0.68
e (Weiler et al. 1986), and
hence the uncertainty in Te will cause significant er-
rors in M˙ . Assuming an electron temperature of Te
= 104 K, we derive the mass-loss rate of SN 2004dj
progenitor as M˙ = (1.37 ± 0.11) × 10−6M⊙yr
−1 from
our radio analysis and modelling. However, if we as-
sume electron temperature Te = 10
5 K, the mass-loss
rate will be M˙ = (6.56 ± 0.66) × 10−6M⊙yr
−1. This
is ∼ 20 times larger than the mass-loss rate derived
from X-ray observations, i.e (3.2± 1.1)× 10−7M⊙yr
−1
(Chakraborti et al. 2012). It is also important to
note that lower values of M˙ favours IC cooling
(Chevalier et al. 2006; Chakraborti et al. 2012). If we
use M˙ = (6.56 ± 0.66) × 10−6M⊙yr
−1, the ratio of
cooling timescales are tComp/t = 1.7 and tsyn/t = 1.9
on day 56 post explosion. Since both the ratios are
much above 1, these numbers do not favour IC cooling.
But there are several lines of evidences including the
prominent IC X-ray component on day 56 post explo-
sion (Chakraborti et al. 2012) showing that IC cooling is
happening at the SN shock during this time as discussed
in §6.2. Thus the mass-loss rate derived for SN2004dj
assuming a electron temperature of Te = 10
5 K is too
high to explain the observational signature of IC cooling.
We suggest the electron temperature of the CSM to be
∼104 K rather than 105 K for SN2004dj. We also note
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Figure 5. Left panel:Radio spectral luminosity at ∼ 5 GHz of Type IIP SNe Right panel: X-ray luminosity in the energy range of 0.5 - 8 KeV
for all SNe except SN2017eaw (0.3 - 10 KeV) and SN2012aw (0.2 - 10 KeV). Where possible, the X-ray and radio luminosities are taken at the peak
of the light curve and for others, the limits of peak flux density is used. We include only the Type IIP SNe with both X-ray and radio detection.
that Misra et al. (2007) deduce the CSM temperature
of another Type IIP SN2004et as 104 K from combined
X-ray and radio data which has marginally higher wind
density (see Table 3) and mass-loss rates (Misra et al.
2007) as that of SN2004dj.
6.4. Comparison of SN2004dj with other Type IIP SNe
Even though Type IIP is the most commonly observed
variety of core-collapse SNe in the optical band, only few
of them are known radio/X-ray emitters. SN 2004dj be-
ing one of the best observed Type IIP SNe in the radio
bands, here we compare the properties of SN 2004dj with
other radio/X-ray bright Type IIP SNe; SN1999em,
SN1999gi, SN 2002hh, SN2004et, SN 2011ja, SN2013ej,
SN 2012aw and SN2017eaw. The physical parameters
of these SNe along with the references are compiled in
Table 3. We also plot the radio and X-ray luminosities
of Type IIP SNe that was detected in both radio and
X-ray bands in Figure 5.
The radio and X-ray luminosities of SN2004dj is
comparable to that of SN1999em and SN 2002hh (see
Fig 5) and is suggestive of comparable CSM densities.
The mass-loss rate of the progenitor of SN1999em and
SN2002hh are ∼ 0.9 × 10−6 M⊙yr
−1 and ∼ 1.2 × 10−6
M⊙yr
−1 respectively (Chevalier et al. 2006) for a CSM
temperature of Te = 10
4 K. This is similar to the mass-
loss rate derived for SN2004dj from our radio analysis
(see Table 3). While the X-ray luminosity of SN2004et
is comparable to that of SN 2004dj, the radio luminosity
of SN2004et is larger than (∼ 3.5 times) SN2004dj and
could be indicative of slightly larger wind densities. The
mass-loss rate of SN 2004et is derived from X-ray obser-
vations to be M˙ ∼ 2 × 10−6 M⊙yr
−1 (Misra et al. 2007)
and M˙ ∼ (1.6 - 1.8) × 10−6 M⊙yr
−1 (Chevalier et al.
2006). These numbers are marginally larger than the
mass-loss rate of SN2004dj derived from our analysis.
SN 2012aw has a larger X-ray luminosity (∼ 6 times)
and radio luminosity (∼ 3 times; Yadav et al. 2014)
as compared to SN2004dj (see Fig 5). The mass-loss
rate is M˙ ∼ 3.2 × 10−6 M⊙yr
−1 from X-ray analysis
(Kochanek et al. 2012) which is larger than the mass-
loss rate of SN2004dj.
It is found that M˙ depends on the metallicity of
the regions of SNe as M˙ ∝ Z0.5 (Schaller et al. 1992;
Heger et al. 2003). The metallicity of the regions of oc-
curence of SN1999em (Smartt et al. 2003), SN 2004et
(Li et al. 2005) and SN 2004dj (Wang et al. 2005) are
(1-2), (0.3-1) and ∼ 0.4 Z⊙ respectively. This will have
a minor effect in the M˙ comparison discussed above.
To summarize, the estimate of mass-loss rate of the
progenitor star depends on various physical parameters
including CSM electron temperature and metallicity of
the cite of SN explosion. A fair comparison is not possi-
ble unless these quantities are well constrained by either
observations or modelling. However, the mass-loss rates
of Type IIP SNe progenitors deduced from radio and
X-ray observations and modelling span over a range of
∼ (0.1 - 10)× 10−6 M⊙yr
−1.
7. SUMMARY
We carried out detailed radio observations of Type IIP
supernova SN2004dj at frequencies ranging from 0.24 -
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43 GHz at ages from 1.12 days to ∼ 12 years post dis-
covery. We model the radio observations with standard
mini-shell model (Chevalier 1982). Both FFA and SSA
models fit with the data reasonably well and it is difficult
to conclude either of them as the dominant absorption
process from the modelled parameters. However, from
the optical line velocity measurements, we infer FFA
as the dominant absorption process which is consistent
with the prediction by Chevalier et al. (2006). The ra-
dio observations and modelling are consistent with the
interaction of the SN with an outer ejecta density profile
ρ ∼ r−11.4 with a circumstellar density field created by a
pre-SN steady stellar wind. We derive the shock deceler-
ation parameterm ∼ 0.9 (R ∼ tm) indicative of a mildly
decelerating blast wave. Assuming FFA to be the dom-
inant absorption process, we derive the mass-loss rate
of the progenitor star as M˙ = (1.37 ± 0.11) × 10−6
M⊙yr
−1. The mass-loss rate derived from our observa-
tions are consistent with the theoretical predictions for a
progenitor star of mass M ∼ 15M⊙. The mass-loss rate
derived from our analysis is ∼ 3 times larger than the
value derived by Chevalier et al. (2006) for SN 2004dj
from early radio data. However, our mass-loss estimate
is consistent with the range of RSG mass-loss rates of
type IIP SNe (Chevalier et al. 2006). Chakraborti et al.
(2012) estimated the mass-loss rate, M˙ = 3.2 × 10−7
M⊙yr
−1 from X-ray emission measure and is ∼ 4 times
smaller than the value derived from our analysis. We
also present the evolution of radio spectral indices with
1.06, 1.4, 4.86, 8.46 GHz flux density measurements.
The spectral indices steepen to values of −1 around day
50 and continues till ∼ day 125, especially at higher
frequencies (4.86/8.46), suggestive of electron cooling.
During this period, the optical light curve is in the
plateau phase. We estimate the cooling time scale for
both IC and synchrotron cooling and interpret the steep-
ening as a signature of IC cooling at the SN shock.
SN 2004dj is the only Type IIP SN with radio data
covering two order of magnitudes in time and frequency
and this allowed us to study this SN as a prototype of
Type IIP SNe. We compare the properties of SN2004dj
with other radio/X-ray bright Type IIP SNe and find
that SN2004dj is a normal type IIP SNe with very
similar CSM properties as that of SN1999em and
SN 2002hh.
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